In this study, the use of a parabolic trough collector (PTC) to harness the solar energy has been investigated. An optimum design for the PTC was selected based on the various geometric aspects that affect the performance of the collector. A linear model from the literature was then employed to study the performance of the PTC in the climatic conditions of the Kingdom of Bahrain. As a sample, data for the months of August and January were used to compare the PTC operation in the hot and cold seasons. These two months are generally the hottest and the coldest months of the year. Maximum PTC output temperatures of 55.4 ∘ C and 37.5 ∘ C were obtained for the months of August and January, respectively, using a collector area of only 1.6 m 2 .
Introduction
Solar energy is the most readily available renewable energy source. Due to the increasing demand of energy and the environmental hazards associated with the combustion of fossil fuels, solar energy is gaining more and more attention as an alternative energy source (Delyannis and El-Nashar, 2010). A major advantage of solar energy is that it is environmentally clean (Kalogirou, 2006) . It can be utilized through conversion to electricity by means of Photovoltaics (PV) or directly as Solar Thermal Energy (STE).
A recent review of the different solar energy technologies by Chu and Meisen (2011) , has shown that there is no clear advantage of PV over STE or vice versa. However, they did mention that STE is more predictable and allows cheaper and easier energy Sustainability and Resilience Conference storage than PV. Solar thermal energy is harnessed by using solar collectors, which convert the energy from incident solar radiation to useful heat energy. Solar collectors can be classified into two main categories: non-concentrating and concentrating collectors. Non-concentrating collectors have a concentration ratio (CR) of one or less, while the concentrating types have much higher values. CR is the ratio of the absorber area to the intercepting area of the collector. Another advantage of the concentrating collectors is that they can be designed for solar tracking. A PTC has the geometrical benefit of its shape that allows it to achieve high concen- Natural Vacuum Distillation (NVD) is a method based on using the barometric height of water to create a natural vacuum over the surface of the water with a sealed enclosure above it. A review of this process is presented by Rashid et al. (2016) . In such a low-pressure (near-vacuum) condition, water can be evaporated at low temperatures.
The use of a PTC with such a desalination technique allows for a low-temperature and low-pressure water desalination using renewable energy. The low pressure within the system allows the process to continue in the non-sunlight hours, but for a more efficient performance, an energy storage option should be considered.
PTC Design
The geometrical aspects of a PTC are illustrated in Fig. 1 . The aperture area ( ) is defined as the area through which the incident solar radiation will be intercepted. It is the product of the aperture width (2 ) and the solar collector length ( ). The solar beam incident angle ( ) is the angle at which the solar beams hit the collector surface.
The focal length ( ) is the vertical distance from the vertex to the focus of the parabola. The most important aspect of a PTC is the concentration ratio (CR), which is defined as the ratio between the effective aperture area and the absorber tube area. A relation between the CR, the rim angle ( ) and the solar beam incident angle ( ) is given by Kandlikar and Vij (1978) as:
According to this equation, it can be seen that the concentration ratio has the highest value at a rim angle of about 70 ∘ for all incident angles, see Fig. 2 . Hence, this rim angle was selected for the PTC to be used in the process. The width ( ) of the PTC was chosen to be 0.8 m. The focal length, , of the PTC is calculated as:
For a width of 0.8 m and a rim angle of 70 ∘ , is calculated as 0.286 m. The equation of the parabola is then given by:
Sustainability and Resilience Conference where the values range from -0.4 m to +0.4 m. The minimum radius ( ) for the absorber tube, which will be able to intercept all the rays focused to the focal point, for a given solar beam incident angle and rim angle is given by the equation:
For an incident angle of 1 ∘ and a rim angle of 70 ∘ , this is calculated as 0.0037 m (i.e.
3.7 mm) or a diameter of 7.4 mm. The selected absorber tube diameter was, therefore, 12.7 mm (which is the diameter for a ½" nominal size copper tube). The absorber tube can be shielded by an evacuated glass envelope to minimize convection heat losses from the absorber tube to the environment. The thickness of this glass envelope tube should be enough to withstand the atmospheric pressure, and at the same time, it
should not be thick to cause optical losses of the incident solar radiation.
Mathematical Modeling
To model the PTC, the following assumptions were made:
• a steady-state model has been assumed
• the model is a one-dimensional model (the temperature rise along the length of the PTC is negligible)
• the sky is a blackbody at an equivalent sky temperature
• the temperature gradients around the absorber tube and the glass envelope are negligible
• the reduction in the incident solar beams on the reflector surface due to the shadow of the absorber tube is negligible
• heat losses due to the joints at the end of the absorber tube and other support structure are negligible
The energy components in the absorber tube are shown in Fig. 3 . The red arrows indicate the solar energy absorbed by the glass tube and the absorber tube. The other components of energy flowing in the absorber tube are:
• two conduction heat transfer quantities ( , and , through the absorber tube and the glass envelope walls respectively),
• three convection heat transfer quantities (
, for the fluid in the absorber tube, , → in the air trapped between the absorber tube and the glass envelop, and The losses from the system can be calculated by the equations shown below using the thermal network shown in Fig. 4 . 
′ , =̇′ 
wherė′ is the total solar radiation reflected on to the glass envelope, is the direct normal solar irradiation, is the parabolic surface's reflectance (= 0.9), is the intercept factor of the absorber tube (= 0.95) as given by Goswami and Kreith (2008) , is the incident angle modifier given by = 1+0.0003178 −0.00003985 2 ,̇′ , , ′ , anḋ′ represent the heat absorbed by the absorber, the glass tube and the total solar energy absorbed,̇′ is the useful energy in the PTC.
Results and Discussion
A linear model for the simulation of a PTC has been presented by Qu et al. (2006) which was validated using experimental data. A similar model was used with the solar irradiation and temperature data from the Kingdom of Bahrain to investigate the performance of the PTC in Bahrain conditions. The parameters used are listed in Table 1 .
Climatic data for the months of August and January were studied. These are generally ratio between the useful energy ( ) obtained from the collector to the overall solar energy intercepted. It is given as:
Sustainability and Resilience Conference
The overall thermal efficiency was calculated as 58.09%.
Thermal Energy Storage
Energy storage is becoming a vital part of renewable energy storage systems (Dinker et al., 2017) . For a solar thermal collector, thermal energy storage system should be considered. Thermal energy storage (TES) is defined as the technology that stores thermal energy by heating or cooling a storage medium that can be used at a later operation of the desalination process and also that the larger tanks are more suitable than the smaller tanks. A typical configuration for a water tank used as a thermal energy storage for desalination system using a solar collector is shown in Fig. 10 . High specific heat capacity, ease of availability, chemical stability and low cost make water a good storage media suitable for low temperature solar applications. 
Conclusion
A linear one-dimensional model has been developed for a PTC. A 1.6 m 2 PTC was simulated using this model to study its performance in the climatic conditions of the Kingdom of Bahrain. Maximum temperatures of 55.4 ∘ C and 37.5 ∘ C were obtained for the months of August and January respectively. The overall thermal efficiency for the PTC was calculated as 58.09%. These results show that even with relatively small PTC designs, the output temperatures are high enough for domestic heating or for processes that operate at low temperatures. Uses of PTC include domestic heating, desalination, refrigeration systems, industrial heat, power plants, pumping irrigation water and solar chemistry (Lamba, 2012) . When used for water desalination, a thermal energy storage system should be used for continuous operation. A water tank can be used for the easiest and cheapest SHS medium. The size of the tank will depend on the operating temperature and the capacity of production.
